H umans are biologically similar, sharing almost all of their genetic material. Many questions relevant to alco holism, 1 however, concern how people differ. Why do some people abuse alcohol? Why do some heavy drinkers, but not others, become physiologically addicted to alcohol? Twins are a unique resource for identifying the genetic and environmental sources of these differences. The study of the causes of differ ences (i.e., variation) among people is a major goal of human behavioral genetic research, of which twin studies form a subset.
Twin studies have been used to address important questions about the causes of alcoholism, including the following:
• How important to the development and course of alcoholism are genetic and environmental influences?
• Do genetic influences differ in importance for different groups of people (e.g., males and females or different age groups)?
Based on partial answers from these investigations, new twin studies are seeking answers to even more specific questions, such as the following:
• Do the same sets of genes (or the same environments) pro duce the same effects in males and females?
• What environmental characteristics are most hazardous for people at high genetic risk for developing alcoholism?
• What environmental characteristics protect against alcoholism among people who have a strong family history of the disorder?
• To what degree is the frequently seen overlap between alco holism and other disorders (such as depression and anxiety) a result of the same sets of genes influencing both disorders?
These questions have important implications for understanding the causes of alcoholism and ultimately providing knowledge to help design treatment and prevention strategies for people at high risk of developing the disorder. This article describes how twin studies are designed, offers examples of research questions for which twin studies are useful, and reviews their limitations.
THE TWIN STUDY DESIGN

The Value of Twins
Because of their unique genetic status, twins play a valuable role in teasing apart genetic and environmental influences on people's development of alcoholism. Genes are segments of DNA that form the blueprints for the development of the human body. Genetic expression that influences behavior is only partly preprogrammed; the biological processes regulated by genes are modified in com CAROL A. PRESCOTT, PH.D., plex ways by experiences with the environment. Thus, neither genes nor experiences operate independently of one another. In this sense, the oftencited dichotomy of "genes versus environ ment" is false; both are required for the development and expres sion of human characteristics. Knowledge of how genetic and environmental factors act both separately and together to influence the development of alcoholism can inform strategies (e.g., biologi cal, individual, or societal) for intervention and prevention.
When researchers study genetic influences on behavioral variation, they focus on the small percentage of genes that differ among people. Fraternal, or dizygotic (DZ), twin pairs, like ordi nary siblings, have, on average, 50 percent of these genes in com mon, whereas identical, or monozygotic (MZ), twin pairs have 100 percent of these genes in common. By comparing MZ with DZ twin pairs, researchers can use this difference in the twins' degrees of genetic resemblance to estimate the relative importance of genetic and environmental influences on the development and course of disorders such as alcoholism.
Liability Models
When searching for genetic and environmental influences on alco holism, researchers can only observe a characteristic in a subject, such as the presence or absence of the clinical diagnosis of alco holism. Researchers, however, are actually trying to estimate the contribution of genetic and environmental effects to the subject's liability for alcoholism (the theoretical components contributing to the risk for alcoholism are portrayed in figure 1 ). Liability may be thought of as the outcome of genetic and environmental risk factors that together produce a person's total risk for developing alcoholism (Falconer 1965) . Liability is an unobserved, or latent, characteristic that varies in the population.
The three components of liability usually identified in twin research are as follows:
• Additive genetic liability, or the summed effect of many genes relevent to alcohol consumption and dependence
• Common environmental effects that twins share (e.g., parental influence, intrauterine environment, and sociocultural factors)
• Environmental effects that twins do not share (e.g., experi ences such as marital problems or job loss). (For further discussion, see sidebar, pp. 204-205.) Researchers assume that the three components listed above combine to produce total liability. Only people who exceed a specific level, or threshold, of liability will manifest the clinical aspects of the disorder. Thus, people with low genetic liability require higher levels of environmental risk before they are likely to develop alcoholism, whereas those with high genetic liability may develop alcoholism in response to lower levels of stressful events.
ESTIMATES FROM TWIN STUDIES
At conception, MZ twins are genetically identical. Although muta tions in some genes are likely to occur, and adult MZ twins may differ in which genes currently are active (because of unshared envi ronmental influences, such as disease or nutrition), these differ ences are believed to be small. MZ twins are assumed in studies to be perfectly correlated for genes relevant to the development of A Additive genetics the summed effect of the action of genes relevant to alcohol consumption and dependence C Common environment experiences and environments that twins share (e.g., religious upbringing or shared peer groups) E Specific environment experiences that twins do not share (e.g., stressful events or illness)
Clinical diagnosis
Liability for alcoholism
Components influencing a twin's risk (i.e., liability) for developing alcoholism. Three theoretical components-additive genetic sources (A); common environmental sources (C), which twins in a pair share; and individual, specific environmental sources (E)-combine to create a person's liability for developing alcoholism. In this example, liability is theoretical and can only be inferred from the observed clinical diagnosis. 
APPLYING THE TWIN DESIGN
The twin design frequently has been applied to studying differences in the relative importance of genetic and environmental influences among different groups, such as males and females or different age sets (i.e., cohorts). For example, the estimates of genetic influence from studies of male twin pairs could be compared with the esti mates resulting from female twin pair studies to identify differences between the groups. Other variations on traditional twin study designs could address important questions about differences in the mechanisms of genetic influence (discussed below).
Sex Differences
Although the risk for alcoholism may vary somewhat in different demographic groups (e.g., by age, ethnicity, or socioeconomic level), the difference between sexes in prevalence of alcoholism is particularly dramatic. Because the genetic differences between males and females are larger than between any other groups, com paring the sexes can provide more specific information about genetic mechanisms of risk for alcoholism.
Sources of Liability.
Studying male and female samesex pairs allows the calculation of separate estimates of genetic and envi ronmental effects for each sex. Although the data can show if the sexes differ in the relative importance of genetic and environmental sources of liability for alcoholism, the data cannot determine whether these genetic and environmental influences are the same in both sexes. Researchers attempt to solve this question by studying oppositesex twin pairs (which are never MZ pairs). By using oppositesex twin pairs, sex differences in genetic and common environmental sources of liability sometimes can be estimated. For example, if DZ oppositesex twin pairs are less similar in their alcoholism liability than DZ samesex pairs, this finding would be evidence that the two sexes differ either in the genes or environments (or both) relevant for the development of alcoholism. For statistical reasons, the twin design cannot always reveal the degree to which these differences result from genetic or environmental distinctions between the sexes. Evidence that such differences exist, however, provides an important starting point for researchers studying sex differences in alcoholism. Thus far, the available oppositesex twin data are limited (for review, see McGue 1994), but two large twin studies that include malefemale pairs are underway in Australia (A. Heath and colleagues, ongoing research) and in Virginia (K. Kendler and colleagues, ongoing research). Transmission of Liability. Other applications of the twin design address the following questions about sex differences in the mech anisms responsible for transmitting liability for alcoholism be tween generations:
• Do mothers and fathers differ in the amount of genetic liability they pass to their children?
• Once genetic influences are accounted for, do parents con tribute any further environmental risk by their behavior?
• Do mothers and fathers differ in the magnitude or mechanism of environmental liability they pass to their children?
• Does an alcoholic parent contribute different levels of risk to sons versus daughters?
• Does the importance of parentoffspring transmission differ in different age cohorts?
These questions require the use of twinfamily designs, in which both twins and their parents are studied. Results from one such study of female twins and their parents indicated that mothers and fathers were equally likely to transmit liability for alcoholism to their daughters (Kendler et al. 1994) .
HETEROGENEITY OF EXPRESSION
Another major application of the twin model is in the study of the different ways the same genetic liability can be expressed, often called phenotypic heterogeneity. For example, the same genetic liability may produce different clinical presentations (or phenotypes) in the sexes: A woman may become depressed, but a man may become alcohol dependent. In another example, genetic liability may be expressed as alcoholism in one generation and drug dependence in another. Studying oppositesex twin pairs or twins from different age cohorts can address these important issues regarding the ori gins of alcoholism and its overlap with other disorders.
Another type of difference in expression of liability is called etiologic heterogeneity-when the same clinical disorder (e.g., alcoholism) occurs through multiple pathways. For example, women with alcoholism are at higher risk for anxiety and depres sion than are alcoholic men, whereas alcoholic men are more likely than women to have antisocial characteristics (Helzer and Pryzbeck 1988) . These data, in combination with results from family studies, have led researchers to propose that alcoholism in men is primary (i.e., it occurs first) and is often associated with sociopathy, whereas alcoholism in women is more commonly sec ondary to other emotional disorders (see, for example, Cloninger and Reich 1983; McGue et al. 1992) .
By examining the types of disorders present in the cotwins of alcoholics (e.g., antisocial personality versus depression), re searchers also can better understand the clusters of symptoms and subtypes that constitute alcoholism. Furthermore, these studies can show whether the basis for the overlap is genetic, environmental, or both. For example, Kendler and colleagues (1994) found that the cooccurrence of alcohol dependence and depression among female twins was attributable primarily to shared genetic, not shared environmental, risk factors.
Genetic liability for alcoholism also may interact and com bine with genetically influenced characteristics other than sex (e.g., personality type) or with environmental influences (e.g., choice of peer group or religious or cultural prohibitions), result ing in varying outcomes for different people. More sophisticated behavioral genetic models are being developed that can address how these factors may mediate the development of alcoholism.
LIMITATIONS OF TWIN STUDIES
As with any research design, results from twin studies are general izable only to the extent that twins are representative of the entire population. Evidence indicates that the prevalence of psychiatric symptoms among twins does not differ from the prevalence in the general population (Kendler et al. in press) . People willing to partic ipate in research studies, however, may differ from random samples (e.g., by the severity of their disorder or by their socioeconomic level), leading to potential biases in the study population.
Some studies obtain alcoholic twin subjects from treatment settings, whereas other studies assess twins from the general pop ulation. Because treatmentbased studies typically identify only a minority of the affected cases in the general population, researchers must determine whether these cases differ in severity or symptoma tology from those not included in the research. A particularly im portant consideration for twin research is whether twins in studied pairs are more likely to be similar than pairs in the general popula tion. For example, twin pairs in which both twins are alcoholic may be more likely to participate in treatment or attract the atten tion of researchers (and thus be included in studies) than pairs in which only one member is alcoholic, thereby leading to biases in estimates of twin similarity (see, for example, Prescott and Kendler 1995) . Similarly, studies based on twins in the general popula tion are subject to volunteerism biases. Females and identical twins are more likely to participate in research than are males or fraternal twins, and people with alcoholrelated problems are less likely to be willing to participate in research; they also can be difficult to locate. The effects of such biases can be examined using statistics, but only if the biases are identified and measured.
Other limitations of the twin method arise from the assump tions required to estimate genetic and environmental effects. The standard twin design assumes the absence of assortative mating (i.e., the tendency for people to choose mates who are similar to themselves with respect to the characteristic being studied). Alcohol consumption, however, is an integral aspect of social activity for many people, and spouses tend to resemble each other regarding alcohol use and misuse (see, for example, Jacob and Bremer 1986). When assortative mating for alcoholism occurs, offspring who are DZ twins share more than 50 percent of alcoholismrelevant genes, leading to an underestimation in twin studies of the magnitude of genetic influence. It is possible, how ever, to correct the results from twin studies by using estimates from other studies of spousal similarity with respect to alcoholism. Another crucial assumption that can limit the accuracy of twin studies is the equalenvironment assumption. This is the assump tion that MZ and DZ twin pairs are equally similar in their shared environments. To the extent that this is not true, the importance of a shared environment will be underestimated and genetic influence overestimated. For example, if peers are an important influence on drinking behavior, and MZ twins are more likely to share peers with their twin than are DZ twins, the greater MZ similarity will be attributable to environmental as well as genetic causes but will be ascribed solely to genetic influences.
Attempts to address the equalenvironment assumption with respect to alcohol use and misuse have yielded mixed results (Kendler et al. 1992; Lykken et al. 1990; Rose et al. 1990) , with some studies finding that twins who spend more time together (often MZ pairs) are more alike in their drinking habits. Even after statistically controlling for the effects of greater environmental similarity among MZ twin pairs, however, substantial genetic influences on alcohol intake remain (see, for example, Kendler et al. 1992) .
A further limitation of the twin study design is that the separa tion of liability into distinct genetic and environmental components may be invalid if sizable geneenvironment correlations or interac tions exist. A geneenvironment correlation occurs if persons with high genetic liability for alcoholism are more likely to experience
DETERMINING LIABILITY
To estimate the relative importance of genetic and environmental sources of a characteristic, such as a person's liability for developing alcoholism, researchers use mathematical equations in twin studies. In the most common model, liability for alcoholism is attributed to three unobserved, or latent, sources: additive genetic (A); common environ mental (C); and individual, specific environmental (E). Each type is de scribed below.
Additive Genetic Sources. Humans have 46 chromosomes, 1 a number that includes 22 pairs plus the sex chromosomes, XX or XY. The genes in a pair may be simi lar but not identical; a gene for a par ticular trait on one chromosome may vary slightly from the corresponding gene on the paired chromosome. Such gene variants are called alleles.
The effects of alleles on observed characteristics combine in three major ways. Nonadditive genetic mechanisms include dominance (a term that describes any interaction between paired alleles other than a simple summing of their effects) and epistasis (wherein alleles at different sites alter the effects of each other). However, the most common mechanism of allelic action for complex behavioral traits is believed to be through additive genetic action. In the case of alcoholism, this would mean that all 1 For a definition of this and other technical terms used in this sidebar, see central glossary, pp. 182-183. alleles relevant for the development of alcoholism combine and are not sup pressed or magnified by alleles on the paired chromosome or any other loca tion. The A component estimated in twin studies represents the total additive ge netic action relevant to a person's risk for developing alcoholism. Most twin models assume that dominance and epistasis are negligible. For example, genes that pre dispose a person to have a higher risk for alcoholism (e.g., by increasing alcohol's euphoric effects) might combine with other genes that reduce risk (e.g., by producing a flushing response) to produce a moderate level of risk. Identical, or mono zygotic (MZ), twins have 100 percent of their genes-including those that influ ence risk for alcoholism-in common, whereas fraternal, or dizygotic (DZ), twins share (on average) only 50 percent of the genes that vary in the population (see figure) .
Common Environmental Sources. Com mon environmental influences on problem alcohol use might include parental drink ing habits and teachings about alcohol, shared peer groups, and sociocultural influences. For twins (but not other sib lings), these components also include the prenatal environment. In studies, re searchers assume these factors correlate perfectly for twins or siblings reared to gether, shown by a correlation of 1.0 in the figure for the C components.
Individual, Specific Environmental
Sources. These include any experiences or environmental influences not shared by siblings, such as unshared peers and stressful life events (e.g., job loss, marital problems, or physical illness). The esti mate of this term usually includes ran dom measurement error (such as that from misdiagnosis), which cannot be separated from E in studies in which twins are measured only once. Because the members of a twin pair do not share specific environmental sources, no corre lation exists between the E components in the figure shown.
Liability Models
Under the usual liability model, the three components described above are assumed to combine. The liability (L) for an indi vidual (i) can be expressed as:
The uppercase letters A, C, and E represent theoretical "scores" on each of the three components; these scores vary across people. The lowercase letters a, c, and e designate the amount each compo nent contributes to the outcome, and these are constant for everyone in a group.
The similarity, or correlation, in liabil ity for two people is estimated as the sum of the components that they have in com mon. Because members of MZ twin pairs are identical for both their A and C com ponents, their correlation is estimated as a 2 + c 2 . Members of DZ twin pairs share onehalf their genes and all their common environment; therefore, the correlation for them is 0.5(a 2 ) + c 2 . With just these alcoholismpromoting environments (this may occur among children of alcoholics, who may obtain both genetically and environmentally transmitted risk for alcoholism). Geneenvironment interactions occur when persons with high genetic risk are particularly sensitive to the effects of alcoholismpromoting environments. Twin data can be applied to these issues if a range of environmental conditions is available for study. Data from studies of adopted children also are useful for testing for geneenvironment interactions, but these studies have other methodological limitations. (For further discussion of adoption studies, see the article by Cadoret, 
SUMMARY
Twin studies can be a powerful tool for addressing important ques tions about the development and course of alcoholism, including the role of genetic and environmental factors, as well as sex differences in the mechanisms and the magnitude of genetic and environmental influences. The results from oppositesex twin studies, along with those from adoption and twinfamily studies, promise to improve our understanding of the roles of genetic factors and of experi ences and their interactions in the causes of alcoholism. ■ two correlations, the values of a, c, and e can be determined using algebraic rules. For a simplified illustration of these formulas at work, imagine that a study finds that MZ twin pairs correlate at +0.7 for alcoholism or not, whereas DZ pairs correlate at +0.4 for this characteristic. This pattern would occur if MZ pair mem bers were much more likely than DZ pair members to both be alcoholic or both be nonalcoholic. Inserting these numbers into the equations above [0.7 = (a 2 + c 2 ); 0.4 = (0.5(a 2 ) + c 2 )] results in estimates of a 2 = 0.6, c 2 = 0.1, and e 2 = 0.3. This means that 60 percent of the differences among people in the tendency to develop alcoholism would be attributable to dif ferences in their genotypes, 10 percent would be attributable to environmental factors shared with siblings, and 30 per cent would be attributable to unshared environmental effects.
Note that the scores A, C, and E are not estimated; standard twin studies provide estimates of a, c, and e, and the overall contribution of these components for a whole population, but usually do not provide estimates of the genetic and envi ronmental levels of risk for individual persons. Researchers in the field of behav ior genetics, however, have begun to in clude measured aspects of the environment in their models and, as molecular genetic technology improves, will be able to in clude measures of specific genetic regions (see the article on quantitative trait loci by Grisel and Crabbe, pp. 220-227).
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